ABSTRACT: Simple stability relationships are practically useful to provide a rapid assessment of coastal and estuarine landforms in response to human interventions and long-term climate change. In this contribution, we review a variety of simple stability relationships which are based on the analysis of tidal asymmetry (TA). Most of the existing TA-based stability relationships are derived using the one-dimensional tidal flow equations assuming a certain regular shape of the tidal channel cross-sections. To facilitate analytical solutions, specific assumptions inevitably need to be made, for example by linearizing the friction term and dropping some negligible terms in the tidal flow equations. We find that three major types of TA-based stability relationships have been proposed between three non-dimensional channel geometric ratios (represented by the ratio of channel widths, ratio of wet surface areas and ratio of storage volumes) and the tide-related parameter a=h (i.e. the ratio between tidal amplitude and mean water depth). Based on established geometric relations, we use these non-dimensional ratios to restate the existing relationships so that they are directly comparable. Available datasets are further extended to examine the utility of these TA-based relationships. Although a certain agreement is shown for these relationships, we also observe a large scatter of data points which are collected in different types of landscape, hydrodynamic and sedimentological settings over the world. We discuss in detail the potential reasons for this large scatter and subsequently elaborate on the limited applicability of the various TA-based stability relationships for practical use. We highlight the need to delve further into what constitutes equilibrium and what is needed to develop more robust measures to determine the morphological state of these systems.
Introduction
Tidal basins and estuaries are highly complex coastal systems that have evolved rapidly during the Holocene transgression and have been shaped by various interactions between hydrodynamics, geomorphology, biological activities, climate variations and human interventions. Nonetheless, analyses of field observations indicate that the gross characteristics of these complicated landscapes when they are morphologically stable (i.e. at or near to equilibrium) can be satisfactorily described by relationships that are fairly simple (e.g. Jarrett, 1976; Friedrichs and Madsen, 1992; Gao and Collins, 1994; Dronkers, 1998 Dronkers, , 2016 Wang et al., 1999; Whitehouse, 2006; Friedrichs, 2010; Zhou et al., 2017) . These simple relationships prove to be useful not only for indicating morphological equilibrium state, but more importantly for providing clues on the response of tidal basins and estuaries to increasing human activities, or accelerating sea level rise (Friedrichs et al., 1990; Dissanayake et al., 2012; van der Wegen, 2013) , as well as for assessing the resilience or adaptation time of these vulnerable systems after human intervention (Wang et al., 2002; Dastgheib et al., 2008) .
Specifically, tidal asymmetry (TA), i.e. the inequality of flood and ebb durations, has been widely used to derive such stability relationships and adopted as an indicator for predicting the further evolution of tidal basin and estuary morphologies. TA is generated by the distortion of tidal waves propagating on continental shelves and entering basins or estuaries, and is termed flood dominance if the flood duration is shorter (and flood velocity is larger) than the ebb, while the opposite condition is called ebb dominance. This has been extensively discussed in a wide literature in terms of field observations, theoretical analyses and numerical modelling because of its importance in producing the residual sediment transport which in turn essentially determines the long-term morphological evolution of tidal systems (see, for example, Dronkers, 1986 Dronkers, , 1998 Wang et al., 1999; Brown and Davies, 2010; Nidzieko and Ralston, 2012) .
From a hydrodynamic point of view, the distortion of tidal wave during propagation can be represented as the nonlinear growth of harmonics of the principal astronomical constituents, particularly the semi-diurnal constituent M 2 and its first harmonic overtide M 4 (Boon and Byrne, 1981; Aubrey and Speer, 1985) . As an example, the distorted tidal sea surface (Á) and velocity (u) may be approximated by a superposition of M 2 and M 4 as (Friedrichs and Aubrey, 1988) : 
where t is time, ! is the M 2 tidal frequency (and hence the M 4 tidal frequency is 2!), a is the tidal height amplitude, U is the tidal velocity amplitude, Â is the tidal height phase and is the tidal velocity phase. The relative sea-surface phase difference of M 4 and M 2 .Â D 2Â M 2 Â M 4 / generally indicates that a system is flood-dominant if 0 < Â < or ebb-dominant if < Â < 2 . Alternatively, the relative velocity phase difference of M 4 and M 2 . D 2 M 2 M 4 / can also be used to indicate that a system is flood-dominant . =2 < < =2/ or ebb-dominant . =2 < < 3 =2/. The most significant flood-dominated and ebb-dominated conditions occur when the relative sea-surface phase differences .Â / are respectively =2 and 3 =2 ( Figure  1a , c), or alternatively the relative velocity phase differences ( ) are respectively 0 and (Figure 1b, d ). The ratio of their amplitudes (a M 4 =a M 2 or U M 4 =U M 2 ) suggests the significance of flood or ebb dominance. A number of studies have also highlighted the generation and characteristics of TA in areas that are subject to diurnal or mixed tidal regimes (Ranasinghe and Pattiaratchi, 2000; Nidzieko, 2010; Jewell et al., 2012) .
The distorted tidal wave is one of the key contributors for residual sediment transport, which generally occurs under two conditions (Dronkers, 1986) : (1) unequal maximum flood and ebb velocities as the sediment transport responds nonlinearly to velocities (mainly responsible for the transport of coarse sediment); and (2) unequal ebb and flood slack water periods during which sediments fall and settle (mainly influencing the residual flux of fine sediment). Importantly, these two conditions can coexist. Landward residual sediment transport is usually associated with flood dominance resulting in the infilling of tidal basins and estuaries, while seaward residual transport associated with ebb dominance leads to the erosion of the system. As long as the residual sediment transport exists, morphological changes will occur (Zhou et al., 2017) . In other words, a morphologically stable state can only be present when residual sediment transport vanishes.
While TA has significant influence on the evolution of morphological features, the opposite is also true: the geometric characteristics of tidal basins and estuaries to a large extent determine the propagation of tidal waves, and hence promote the development of TA. In fact, tidal landforms tend to evolve to an equilibrium state by developing a morphology that offsets either flood dominance (resulting from, for example, offshore TA or local baroclinic effects) or ebb dominance (resulting from, for example, compensation for Stokes drift due to the phase lag between the times of high/low water and corresponding high/low slack water, or seaward fluvial discharge). Previous studies show that an estuarine system with large tidal flats tends to decrease flood tide duration and enhance the effects of channel friction, favouring flood dominance (Boon and Byrne, 1981; Aubrey and Speer, 1985; Dronkers, 1986 ).
Conversely, a system of relatively deep channels with an absence of large intertidal flats generally promotes ebb dominance. Some studies have confirmed that TA and its associated residual sediment transport are gradually reduced when an evolving tidal system is approaching a morphologically stable state (e.g. Lanzoni and Seminara, 2002; van der Wegen and Roelvink, 2008; van Maanen et al., 2011; Guo et al., 2014) . Recent studies based on numerical models also confirm that morphological equilibrium requires that the system adjusts itself towards reducing flood or ebb dominance (Dastgheib et al., 2008; Toffolon and Lanzoni, 2010; van der Wegen, 2013; Zhou et al., 2014b) . Therefore, TA acts as an important indicator for the morphological state of a tidal system which may be in equilibrium (i.e. characterized by a vanishing TA) or potentially importing/exporting sediment (i.e. characterized by flood/ebb dominance).
In order to quantitatively describe the morphological state of tidal landforms, simple stability relationships between hydraulic parameters (e.g. tidal amplitude and water depth) and geometric form parameters (e.g. tidal channel/flat width, wet surface area and storage volume) have been developed based on either analytical or numerical studies. Although all the proposed stability relationships have been assessed in the context of real systems, few of them have been examined using an extensive worldwide dataset. Furthermore, none to our knowledge has been applied in conjunction with other methods to establish whether TA is a necessary and sufficient condition to determine equilibrium in these systems. Moreover, the applicability and the assumptions of these relationships have not been well examined. For instance, some relationships are derived based on a prismatic channel of constant width and depth, and hence their applicability to convergent systems remains questionable.
With the above in mind, the objectives of this study include: (1) to thoroughly review the existing theories and their associated stability relationships, clarifying their physical background; (2) to inter-compare those relationships by conversions of the main geometric parameters (e.g. conversions between length, area and volume ratios); and (3) to discuss their validity and applicability in comparison with the measured datasets that can be found in the literature. It must be stressed that this does not provide a validation of the relationships. It simply shows how real systems compare. A validation would require some independent measure of proximity to morphological stability and this is beyond the scope of this paper.
Theories and Existing Formulations
The one-dimensional (1D) tidal flow equations describing the conservation of mass and momentum are often used to explore the TA-based stability relationships, and read
where B is the cross-sectional width at the water surface, h is the water depth at mean sea level, A c D B c h is the flow-carrying cross-sectional area (B c is averaged channel width), x is the longitudinal coordinate with x D 0 at the estuary mouth, c d is the bed friction coefficient and is the turbulence viscosity coefficient. To describe a funnelling tidal system which is commonly observed in nature, an exponentially converging function of channel width is often assumed Figure 1 . Examples of strongest tidal asymmetry conditions based on the superposition of the semi-diurnal constituent M 2 and its first harmonic overtide M 4 . The M 2 tidal period T of the horizontal axis is approximately 12.42 h. Panels (a) and (b) show strongest flood dominance using relative sea-surface and velocity differences (with shorter flood durations t flood ), while similarly panels (c) and (d) show strongest ebb dominance (with shorter ebb durations t ebb ). This figure is plotted following Friedrichs and Aubrey (1988 Davies and Woodroffe, 2010) . For a non-convergent channel, the value of convergence length tends to be infinity (i.e. L b D 1). Terms (i)-(v) in the momentum equation (2b) physically represent, respectively, the contributions of local inertia, advective inertia, slope gradient, bottom friction and horizontal diffusion. Non-dimensional scaling analyses indicate that the advective inertia term (ii) and horizontal diffusion term (v) are small compared to other terms in shallow tidal basins and estuaries (Parker, 1991; Friedrichs, 2010; Dronkers, 2016) and hence can be neglected.
With terms (ii) and (v) eliminated, an analytical solution of Equation (2) is possible when the friction term (iv) is linearized (c d ujuj=h D ru=h, where r D 8c d U=3 , U is the tidal velocity magnitude) and the cross-section is schematized (Figure 2 ). This analytical solution has been extensively explored using various techniques (e.g. Dronkers, 1998 Dronkers, , 2016 Friedrichs, 2010; van Rijn, 2011; Toffolon and Savenije, 2011; Cai et al., 2012; Savenije, 2012; Winterwerp and Wang, 2013; Dronkers, 2016) . The details are not repeated here, while the theoretical background and the implications for this study are briefly introduced in the following sections.
The Friedrichs-Aubery-Speer approach Based on the pioneering work of Aubrey and Speer (1985) and Speer and Aubrey (1985) , Friedrichs and Aubrey (1988) concluded that two key parameters that can be used to determine the condition of TA are a=h (ratio between offshore tidal amplitude and mean water depth -taken to be the average channel depth in real systems) and V S =V C (ratio between the volume of intertidal storage and channel storage). They solved The schematic cross-sections adopted: (a) rectangular channel and flat used in Dronkers (1998 Dronkers ( , 2016 and Winterwerp and Wang (2013) ; (b) rectangular channel and trapezoidal flat used in Friedrichs and Madsen (1992) ; (c) trapezoidal channel and flat used in Speer and Aubrey (1985) , Friedrichs and Aubrey (1988) , Friedrichs (2010) and Wang et al. (1999 Figure 2c ). Model results suggested that the morphologies of short and flood-dominated systems change primarily due to increased a=h, whereas ebb-dominated systems change primarily due to increased V S =V C . For small a=h .< 0.2/, virtually all estuaries are ebb-dominant and for large a=h .> 0.3/ all estuaries are flood-dominated, while only when a=h is between 0.2 and 0.3 can the system be either moderately flood-or ebb-dominated, indicating equilibrium should be achieved at this range, depending on the other parameter V S =V C . These findings are generally consistent with the measured data along the US Atlantic coast, and later studies have followed this theory to look at estuarine conditions (e.g. Wang et al., 2002; Dastgheib et al., 2008) . The numerical model results are obtained under the following conditions: (1) non-convergent uniform trapezoidal cross-sections, and (2) short and shallow channels where friction dominates over inertia terms. Therefore, the numerically generated TA-based curve (see line R1 in Figure 2 ) should not be adopted as a universally valid indicator for all types of tidal basins and estuaries (e.g. convergent, long and deep tidal landforms).
Apart from the numerical curve introduced above, Friedrichs and Madsen (1992) and Friedrichs (2010) also developed several other stability relationships via analytical approaches. Based on perturbation analysis of the friction-dominated 1D tidal equations retaining only terms (iii) and (iv) of Equation (2b), Friedrichs and Madsen (1992) derived an explicit relationship using the schematic channel cross-section (Figure 2b 
More recently, Friedrichs (2010) performed a leading-term Taylor expansion for a linearized solution of tidal wave speed based on shallow non-convergent estuaries, giving an analytical relationship which slightly differs from Equation (3), and reads
In order to directly compare this analytical solution with the former numerical curve in Friedrichs and Aubrey (1988) , Friedrich converted B=B 0 to V S =V C based on the schematic cross-section in Figure 2b and another volume-type relationship was derived:
The comparison between Equation (6) and the numerical curve indicated that the analytical solution reasonably reproduces the fully nonlinear results of Friedrichs and Aubrey (1988) . The same analysis was also performed for shallow and funnel-shaped estuaries, indicating that the relations (Equations (5) and (6)) also hold qualitatively.
Dronkers' theory
Based on the analytical solution of 1D tidal Equation (2b) retaining terms (i), (iii) and (iv), Dronkers (1998) also identified two key parameters -S HW =S LW (the ratio between the wet surface area at high and low water level) and H HW =H LW (or written as .h C a/=.h a/, the ratio between the average channel depth at high and low water level) -to examine the TA conditions in the Dutch tidal basins. The schematic channel cross-section considered is shown in Figure 2a , and the basin was assumed to be straight and longitudinally uniform. To facilitate a more in-depth understanding, the derivation is briefly introduced herein. Assuming that the solution to the simplified 1D tidal equation follows a harmonic function, the tidal elevation and velocity can be obtained:
where ! is tidal frequency .! D 2 =T /, a L is tidal amplitude at landward boundary and L is the channel length (m), and S and S c are wet horizontal surface area and wet horizontal channel surface area (m 2 ), respectively. The times of high water (HW, t HW ) and low water (LW, t LW ) can be obtained by setting @Á=@t D 0, and the times of high water slack (HWS, t HWS ) and low water slack (LWS, t LWS ) can be obtained by setting u D 0. For short tidal systems, Dronkers (1998) found that the following expressions can approximately hold at the estuary mouth .x D 0/:
Assuming a symmetrical tide at the estuary mouth (i.e. t HW t LW D =!), the flood duration can be obtained: Table I and derived in the main text. The points indicated by circles are the converted Dutch data from Dronkers (1998) , triangles are the original US data from Friedrichs and Aubrey (1988) and squares are the original UK data from Townend (2005) . Note the citations are shortened in the figure for simplicity (i.e. 'FA1988' = Friedrichs and Aubrey, 1988; 'F2010' = Friedrichs, 2010 'W1999' = Wang et al., 1999 'FM1992' = Friedrichs and Madsen, 1992; 'D1998' = Dronkers, 1998 'D2016' = Dronkers, 2016 and this also holds for the following figures hereafter. [Colour figure can be viewed at wileyonlinelibrary.com] asymmetrical condition, Dronkers (1998) defined a TA index:
where S HW and S LW are wet horizontal surface areas at high water and low water (m 2 ), respectively; and S c,HW and S c,LW are the horizontal channel surface areas at high water and low water (m 2 ), respectively. A larger indicates a shorter flood duration and hence a more flood-dominant characteristic.
For relatively deep channels, S c,HW and S c,LW can be assumed to be equal. However, for shallow basins with extensive flats, S c,HW =S c,LW may be considerably larger than 1.0. Based on a number of Dutch tidal basins, the maximum velocities during HW and LW were assumed to have a similar magnitude .U LW U HW /, resulting in a simplified formulation of Dronkers' TA index:
In theory, a tidal system is in a stable configuration (when flood and ebb durations are approximately equal) if 3 equates to one. The field data of Dutch basins, however, show that 3 is often greater than 1.0, and 3 D 1.21 generally provides a good fit. The reasons that 3 is not exactly 1.0 can be many: (1) the terms S c,HW =S c,LW and U LW =U HW in Equation (11) may not be assumed to be 1.0 for some tidal basins; (2) approximations of the quantities S HW =S LW and H HW =H LW measured in the field may not be accurate; (3) some assumptions for the derivation may not hold for certain tidal systems (e.g. many natural estuaries are not prismatic); and (4) the tide arriving at the estuary mouth can be asymmetrical.
In recognition of these limitations, Dronkers (2016) recently reconstructed the TA relationships using ratios of channel widths (typically at the mouth) instead of wet surface areas. One of the key assumptions is that a cyclic tide exists and can be used to represent the average sediment transport characteristics within the system over a long period. During this cyclic tide, the net sediment transport (which is assumed to vary as a function of flow velocity to the fourth power) is zero. Dronkers (2016) considered both non-convergent (i.e. channel width is constant) and convergent systems (i.e. channel width decreases exponentially from the mouth). The width-type stability relationships, for which the details of derivation can be found in Dronkers (2016) , was obtained:
where t mouth FR is the difference in duration of falling and rising tide at the mouth, t S is the time delay given by the average between t HWS t HW and t LWS t LW , and t S rl 2 =.3ghh s /, h s is the representative water depth taking into account tidal flat; p 1 and p 2 are lumped parameters which can be expressed as functions of L b , r, k, !, h and h s (see Dronkers, 2016, for details) .
Based on the analysis of field data, Dronkers (2016) found that the value of 9 generally falls in the range of 1.5-2.0 for the Dutch tidal basins. Depending on the local condition of the continental shelf of tidal basins, the offshore tidal wave can be already distorted and often with a shorter flood duration (i.e. t mouth FR > 0). Hence the value of 9 is mostly larger than 7/6. Dronkers (2005) concluded that 9 is close to 2.0 for many tidal basins on the northwest European coast, where the continental shelf is wide (tidal wave can be considerably distorted so t mouth FR is large), while 9 is close to 1.0 for tidal systems along the US Atlantic coast and UK east coast, where the shelf is narrow. On the other hand, channel convergence can also affect the performance of TA-based relationships (e.g. via the convergence length L b ). Overall, the recent relationships (Equation (13)) developed by Dronkers (2016) indicate that the value of the TA index ( 9 ) is highly site-dependent, and hence data points collected in tidal systems of different regions worldwide may show large scatter when a single relationship is used.
Wang's approach Wang et al. (1999) built on the theories of Friedrichs and Aubrey (1988) and Dronkers (1998) and derived a relationship between a=h and V S =V C based on a similar cross-section geometry (assuming the channel bottom width B BM D 0.5B LW ) as adopted by Friedrichs and Aubrey (1988) . Wang's derivation also assumed: (1) frictionless tidal propagation (c D p gA=B, where A and B are cross-sectional area and width), and (2) equivalent hydraulic water depth A=B at high and low water (which implicitly assumes equivalent propagation speed at high and low water). The original derivation as presented in Wang et al. (1999) contained a minor error; this was corrected in van der Wegen and Roelvink (2008) and has been applied as an indicator for equilibrium in a number of recent publications (e.g. van der Wegen et al., 2008; Dissanayake et al., 2012; van der Wegen, 2013) . Under the assumptions of Wang et al. (1999) , the following relation holds:
where A HW and A LW are the cross-sectional areas at high and low water (m 2 ), respectively. Following Wang et al. (1999) , the same cross-section ( Figure 2c , and assuming B BM D 0.5B LW ) is considered, and hence the intertidal and channel storage volumes can be expressed as
where L is the representative channel length. When the intertidal storage area is not considered as a flow-carrying part, the conveyance cross-sectional areas at LW and HW read
However, if the intertidal storage area is considered as a flow-carrying part, the conveyance cross-sectional areas at LW and HW read
Combining Equations (14) and (15) with Equation (16), we obtain the original relationship by Wang et al. (1999) , who did not consider the intertidal storage area as a flow-carrying part:
If the intertidal storage area is considered as a part that can carry flow (flow-carrying), Equation (17) should be adopted instead of Equation (16) 
The relationships represented by Equations (18) and (19) differ only because of the different definitions of the conveyance section. Based on Equations (18b) and (19b), a further consideration of the theory from Dronkers (1998) should result in the following equations:
Compared with Equation (21), the minor difference in the derivation of Wang et al. (1999) , i.e. Equation (20), is the factor 7/3 in the expression because of the exclusion of intertidal storage area as a flow conveyance part. This will be further discussed in the following sections.
Overview of existing TA-based stability relationships
To the authors' knowledge, all the existing TA-based stability formulations describing the relationships between tidal morphologies and hydrodynamic parameters have been summarized in Table I , and are referred to as R1-R9 for simplicity. All relationships were derived based on analytical methods, except R1, which was numerically developed (Friedrichs and Aubrey, 1988) . The formulation R8, linking S INT =S HW (the ratio between surface intertidal area and surface HW area) with a=h, was developed by van Maanen et al. (2013) for tidal network systems. Although this relationship was proposed through numerical experiments, we later find that it can be easily derived analytically by conversion from R3, and hence we categorize it as an analytical TA-based relationship. The original relationship R4 developed by Wang et al. (1999) does not include the intertidal storage area as flow-carrying, whereas R5 does.
Based on the considered geometric measure, these relationships can be generally categorized as width-type (R2, R6 and R9), area-type (R3 and R8) and volume-type (R1, R5 and R7). In the next sections, these three types of relationship are compared by writing the equations in terms of common geometric quantities (i.e. width, area and volume).
Conversion and Comparison
In the previous sections, we have reviewed the existing stability relationships that were derived based on TA analyses (Table I) . In order to gain more insight into these relationships, it is useful to compare their differences and similarities. However, this is not very straightforward because different geometries were used to formulate these relationships. On the other hand, most of these relationships were only assessed against limited and specific measured datasets at a regional Note: The relationship R5 (marked by ' ') is derived based on Wang et al. (1999) but with the difference that the intertidal storage area is considered to be flow-carrying.
scale. For instance, the area-type relationship R3 developed by Dronkers (1998) was only examined for data of the Dutch tidal basins, and similarly the volume-type relationship R1 was only compared with the US data (Friedrichs and Aubrey, 1988) . Therefore, it remains unclear how well these relationships work at the global scale, and their applicabilities need to be better examined.
In this section, we present the conversions among different geometric ratios (i.e. V S =V C , S HW =S LW , S INT =S SW , and B=B 0 ) according to corresponding theoretically based schematic cross-sections (Figure 2 ). By doing this, different TA-based relationships can be compared directly.
Geometric conversion and datasets
The conversion should be conducted based on the cross-section adopted. For all cross-sections considered in Figure 2 , the following relations on channel widths, wet surface areas and water depths hold to first order:
The major difference regarding the conversion among these three types of cross-sections is in the expressions for channel and storage volumes:
Using Equations (22) and (23), datasets of different geometric ratios can be inter-converted, resulting in additional metrics for comparison (see Tables II, III and IV in the main  text, and Table AI in the Appendix). Overall, four published datasets are considered in this study: (a) the Dutch area-type data .S HW =S LW / provided in Dronkers (1998) ; (b) the US volume-type data .V S =V C / in Friedrichs and Aubrey (1988) ; (c) the UK data in terms of both area and volume (S HW =S LW and V S =V C ) in Townend (2005) ; and (d) the width-type data .B HW =B LW / collected in a few countries and provided in Dronkers (2016) .
For the US data, as pointed out by Friedrichs and Aubrey (1988) , the magnitude of the ratio a=h alone may indicate the overall TA condition in shallow estuaries of the US Atlantic coast. The authors found that only tidal basins with a=h falling in the range of 0.2-0.3 were close to equilibrium; hence only these locations in the US data are considered here for comparison. At the same time, it is worth noting that most of the relationships are derived based on the assumption that a=h is small. Therefore, from the UK dataset provided in Townend (2005), we only selected the tidal landforms with a value of a=h smaller than 0.5.
Volume-type relationships and comparison
The width-type relationships (R2 and R6 in Table I ) can be easily converted to volume-type using Equations (22) and (23). Based on the schematic cross-section (Figure 2b) , Friedrichs (2010) converted R6 from width-type to volume-type relationship R7 to compare with a previous numerical result (Friedrichs and Aubrey, 1988) . The relationship R2 can also be converted following Friedrichs (2010) using Equations (22) and (23b) 
Similarly, the width-type relationship R9 derived by Dronkers (2016) can also be converted to a volume-type equation following the same method. However, the cross-section as shown in Figure 2a should be used for consistency. Using Equations (22) and (23a) 
where 9 is the TA index between 1.0 and 2.0, depending on local condition of tidal landforms. The area-type relationship described by R3 (Table I) can also be converted to volume-type by adopting the simplified cross-section (Figure 2a) as assumed by Dronkers (1998 Dronkers ( , 2016 , and reads Dronkers (1998) , and the rest are derived based on Equations (22) and (23a). Note: The left two ratios, a=h and V S =V C , are obtained from Friedrichs and Aubrey (1988) , and the rest are derived based on Equations (22) and (23c). Assuming 3 D 1, i.e. theoretical equilibrium condition discussed before, Equation (26) can be simplified to
These volume-type relationships share some similarities in form and their comparison with datasets is shown in Figure 2 . Except for the numerical curve R1, all relationships are analytical and generally display a similar trend. With the increase in V S =V C , a tidal system becomes more ebb-dominated, whereas it becomes more flood-dominated in the case of an increasing a=h. Most of the relationships are visually clustered within the range indicated by the two lines described by Equation (21) with different TA indices . 9 D 1, 2/. According to Dronkers (2016) , the value of 9 should be theoretically larger than 1.0 if the offshore tide is symmetrical. Therefore, it is reasonable to observe that other curves based on different approaches are all below the top dashed line in Figure 2 (indicated by 'Eq.21: 9 D 1').
The datasets from three different countries show considerable scatter. The UK data exhibit a large relative tidal amplitude .a=h/ and a small relative intertidal storage .V S =V C /, so it appears that most of the selected UK estuaries are flood-dominated. Although with a small relative tidal amplitude .0.2 < a=h < 0.3/, the selected US tidal basins are largely ebb-dominated because of the relatively large intertidal storage. Differently, the Dutch data points mostly lie within the cluster of curves, indicating that many of these tidal systems could be considered to be close to equilibrium based on the theoretical arguments used. The converted curve with a TA index 3 D 1.21 appears to provide a better fit with the Dutch data than 3 D 1, which is consistent with Dronkers (1998) . The value of relative tidal amplitude a=h for most of the Dutch basins in this dataset is close to the range of 0.2-0.3, which according to Friedrichs and Aubrey (1988) is close to equilibrium. Therefore, though developed via different approaches, the theoretical indications from Dronkers (1998) and Friedrichs and Aubrey (1988) share some similar characteristics.
Area-type relationships and comparison
The volume-type relationship R5 can also be converted to area-type based on the trapezoidal cross-section (Figure 2c) following Wang et al. (1999) . Using Equations (22) 
where 9 is equal to 5/3 and 2 for the conversion of R2 and R6, respectively. The above-discussed area-type relationships in terms of S HW =S LW are compared in Figure 4 . Except for the curve indicated by 'Eq.25: 9 D 1', all other relationships are relatively close in position and cluster within a narrow area. Comparable to the volume-type relationships, the horizontal axis S HW =S LW represents the capacity of intertidal storage and a larger S HW =S LW indicates a more ebb-dominated characteristic. The vertical axis H HW =H LW is somehow comparable to the relative tidal amplitude a=h and its increase indicates a more flood-dominated characteristic. They both reflect the potential for different propagation speeds at high and low water, which is the underlying cause of tidal asymmetry.
Similarly to Figure 2 , the datasets of three different countries also show great scatter in the area-type plot (Figure 4) , indicating the inherent consistency of these geometric ratios. The selected UK tidal landforms tend to be flood-dominated, whereas the US ones are mostly ebb-dominated. The Dutch tidal basins are generally close to equilibrium state, with points distributing around the curve R3 when 3 D 1.21. This is consistent with Dronkers (1998) .
Many square points representing the UK estuaries appear to distribute around the converted equilibrium curve indicated by 'Eq.25: 9 D 1' and away from the cluster of curves. The US estuaries tend to fall below the cluster of curves. While this may say something about relative TA in these systems, the results are not providing a clear indication of relative stability.
Based on the theory of Dronkers (2005), van Maanen et al. (2013) further defined a 'relative intertidal area' as the ratio between surface intertidal area .S INT / and the total surface area inundated at high tide .S HW /; see R8 in Table I . Though lacking a rigorous mathematical proof, the result of their numerical experiments for reproducing long-term evolution of tidal networks agreed quite well with the linear area-type relationship R8. Here we present a short derivation, which may explain why the relationship R8 works for shallow tidal network systems. Recalling relationship R3 from Dronkers (1998), we assume S INT D S HW S LW as a first approximation and hence
For the models considered in van Maanen et al. (2013) , 3 is 1.0 when the theoretical equilibrium condition is reached; hence the first term on the right-hand side of the equation becomes zero and the second term can be simplified to a=h for shallow tidal network systems (a and h can be close where tidal flats are present). Therefore, Equation (30) can be simplified to relationship R8, which may be used as a first-order indicator for shallow tidal network systems.
It is also interesting to rewrite the relationships developed by Friedrichs and Madsen (1992) and Wang et al. (1999) using S INT =S HW since this would provide a more direct indication for a tidal system with extensive tidal flats. We recall relationship R2 and use Equation (22) Similarly, the relationship proposed by Wang et al. (1999) can also be easily converted to area-type .S INT =S HW / by using Equation (28):
A comparison of these S INT =S HW area-type relationships is shown in Figure 5 . Since S INT =S HW is converted directly from S LW =S HW , the overall performance of these relationships is Table I and derived in the main text. The points indicated by circles are the original Dutch data from Dronkers (1998) , triangles are the converted US data from Friedrichs and Aubrey (1988) and squares are the original UK data from Townend (2005) . [Colour figure can be viewed at wileyonlinelibrary.com] comparable to Figure 4 . The converted relationship from R3 in Dronkers (1998) , indicated here by 'Eq.26', shows a better agreement with the Dutch dataset when 3 is 1.21. Similarly to previous figures, the UK data points lie mostly in the flood-dominated zone, whereas the US data are mainly located in the ebb-dominated zone.
It is noted that the numerically inferred linear relationship R8 by van Maanen et al. (2013) is located far from the cluster of other TA-based curves. Visually, all tidal landforms from three different countries can be categorized as ebb-dominated using R8, which is inconsistent with other theories and previously published findings (e.g. Friedrichs and Aubrey, 1988; Dronkers, 1998; Townend, 2005) . However, R8 appears to define an upper flood-dominant bound of these TA-based relationships. The amount of intertidal area increases as tidal range increases, which appears to hold even for systems that are almost all intertidal. For these systems, the tidal distortion between high and low water tends to be large and favours flood dominance. Although R8 appears to work well with numerically produced tidal network systems, its applicability to natural tidal basins and estuaries merits further research.
Width-type relationships and comparison
Recently, Dronkers (2016) reformulated the TA-based relationships using widths instead of surface areas. The essence of the two types of TA-based stability relationships is the same, so Dronkers (2016) defined the ratio .B HW B LW /=.B HW C B LW / as relative intertidal area. In fact, one may convert the original area-type relationship R3 developed by Dronkers (1998) to width-type using Equation (22) One can immediately notice that the above simplified relationship (assuming a=h is small) converted from Dronkers' area-type relationship R3 shares a consistent form with the recently developed R9. Noticeably, it also coincides with the width-type relationship R6 developed by Friedrichs (2010) . Dronkers (2016) compared the width-type relationship 'R9' with extensive datasets, ranging from short tidal lagoons to long convergent estuaries, which will be further discussed in the next section. Here we focus on the comparison of existing and converted TA-based relationships, as well as their comparison with the three published datasets ( Figure  6 ). Not surprisingly, all of these relationships cluster within a certain narrow region as shown in previous figures, indicating the consistency among the geometric transformations. The overall spatial distribution of curves and data points in this width-type plot is particularly similar to the area-type .S HW =S LW / plot shown in Figure 4 , indicating the inherent consistency between Dronkers (1998) and Dronkers (2016) .
Similarly, the horizontal axis .B HW B LW /=.B HW CB LW / physically represents intertidal storage whose increase leads to a more ebb-dominated system. Using the cluster of TA-based relationships (excluding the curve 'R9: 9 =1' as discussed before), it is evident that the UK data points tend to distribute within the flood-dominated zone, whereas the US points in the ebb-dominated zone. The selected Dutch basins are mostly close to the purported equilibrium, as also discussed before. As demonstrated by Dronkers (2016) , the TA condition for different tidal systems should be viewed as site-dependent, i.e. as a function of offshore difference in duration of falling and rising tide, channel convergence length and some other factors (see Equation (13)). This will be further elaborated in the Discussion section. Table I and derived in the main text. The points indicated by circles are the original Dutch data from Dronkers (1998) , triangles are the converted US data from Friedrichs and Aubrey (1988) and squares are the original UK data from Townend (2005) Table I and derived in the main text. The points indicated by blue circles are the converted Dutch data from Dronkers (1998) , red triangles are the converted US data from Friedrichs and Aubrey (1988) and green squares are the converted UK data from Townend (2005) . [Colour figure can be viewed at wileyonlinelibrary.com]
Discussion
Simple estuarine stability relationships, either theoretical or (semi-)empirical, are particularly welcome by coastal scientists and engineers because they are normally easy to use and capable of providing a rapid assessment on the morphological condition of the tidal system. The most well known of these is probably the (semi-)empirical relationship between tidal prism and cross-sectional area (hereafter shorted as 'PA relation'). While the traditional PA relation has been under continuous exploration and widely adopted as an indicator of estuarine equilibrium (D'Alpaos et al., 2010; Zhou et al., 2014a) , the theoretically inferred TA-based relationships have been paid much less attention.
We have reviewed the three types of TA-based relationship formulated using different geometries. Comparison of these relationships suggests an inherent consistency among them. The TA condition of tide-dominated landforms is chiefly governed by the competition between two physical parameters: the relative intertidal water storage and the relative tidal amplitude (Friedrichs and Aubrey, 1988; Wang et al., 1999; Dronkers, 2016) . The former is reflected by the three types of geometric ratio (e.g. B=B 0 , S HW =S LW , V S =V C ) which affect the efficiency of water exchange, and subsequently influence the duration of flood and ebb tide. The latter, reflected by a=h, plays a major role in determining the contribution of bottom friction on tidal flow propagation. A larger relative intertidal storage usually tends to slow down the flood tide, resulting in more ebb-dominated characteristics; while a larger relative tidal amplitude tends to considerably reduce the ebb velocity, favouring flood dominance.
Despite their simple form, the use of these TA-based relationships does not appear to be simple, primarily because of (1) what can be measured in practice; (2) the implications of the assumptions made in the derivations; and (3) uncertainties in the data and limitations in the current approaches to TA analysis. These issues may hinder the TA-based relationships being appropriately used in practice. In this section, we discuss these issues in detail and propose several future research directions.
Geometries assumed in 1D models and measured in practice Based on the 1D tidal equations, the existing TA-based relationships are mostly derived by assuming a prismatic estuary with simple regular cross-sections (Figure 2) . However, natural estuaries normally converge landwards both in width and depth, and are characterized by various irregular cross-sections (Figure 7) . To make use of a 1D solution, the section that defines the conveyance (i.e. the flow-conveying section) is the key to getting representative hydrodynamics. This leads to a focus on propagation speed and hence the hydraulic radius or, for wide systems, hydraulic depth. Below, we will first introduce the approaches of estimating the conveyance section and the hydraulic depth from natural estuaries and then discuss their effects on TA-based relationships.
In practice, the geometric values of estuary width, surface area and volume are normally obtained at HWL and LWL (e.g. b h and b l in Figure 7a ). These geometries can readily be extracted from charts, bathymetric surveys or satellite data. In addition, the tidal range at the estuary mouth can be measured and is usually known to a reasonable degree of accuracy. The mean values of parameters used in the 1D tidal equations (e.g. the mean hydraulic depth h, the mean estuary channel width B LW and the mean estuary top width B HW ) can be estimated using these measured quantities. For example, Dronkers (1998) proposed the following relationships:
where V LW is the volume at LWL and L is the length of the estuary. However, some studies also suggested different formulations for the mean hydraulic depth. Using the Stour and Orwell estuaries as study cases, Roberts et al. (1998) found that the following relation of the mean hydraulic depth could be more reliable:
where h HW and h LW are the mean water depth at HWL and LWL, respectively, V HW is the volume at HWL. Townend (2005) also defined the hydraulic depth using volume and surface area at the mean tidal level:
where V MW and S MW are respectively the volume and the surface area at MWL. Based on the measured data of the UK estuaries, the performance of the three different expressions of the mean hydraulic depth (h, h 0 and h 00 ) is compared against the volume-type TA relationships (Figure 8 ). Compared to the original Dronkers' expression (h, Equation (35a)), the other two approaches tend to result in assessments of tidal asymmetry that are even more flood-dominant. Noticeably, just a different way of estimating the mean hydraulic depth dramatically changes the a=h values, resulting in markedly different distribution of data points in Figure 8 . This points to an inherent sensitivity in the method, making quantitative application difficult to interpret in any meaningful way.
To facilitate the 1D model solution, a highly related quantity is the so-called conveyance section. It is assumed, in most of the previous studies, that only the channel section (i.e. excluding intertidal area) is considered to be the flow-conveying part (Figure 7c ). The influence of this assumption can be seen in Figure 2 by comparing the curves R4 and R5 obtained respectively excluding and including intertidal area as the flow-conveying part. Compared to R4, the stability curve obtained with intertidal area included (R5) tends to shift to the ebb-dominant side. This essentially means that an estuary has more possibility to be categorized as a flood-dominant system using R5 (because intertidal area effectively enhances bottom friction, and tends to result in flood-dominant tidal flow). The rationality of excluding or including the intertidal area as a flow-conveying part, as well as its influence on the TA-based relationships, may be readily examined using a 2D tidal model. In reality, the presence of shallow subtidal shoals can be found in many estuarine systems and this may also alter the effective conveyance section.
Our analysis therefore suggests that these relationships may be of limited value when used in isolation for management and conservation purposes. The key to appropriately applying the TA-based relationships is to ground the analysis in a way that ensures the celerity is correctly represented. Without some means of verifying the tidal wave propagation, these TA-based relationships should be used with extreme caution or not used to evaluate the condition of systems relative to equilibrium. In order to ensure the correctness and representativeness of these estimated mean geometries that are used in 1D models (and hence in TA-based relationships), it is vital to validate the analytical (or simulated) tidal hydrodynamics against field measurements or more sophisticated 2D numerical models. For example, contemporaneous data of water levels, velocities and tidal phases at two or more locations along the estuary can be used to estimate the celerity and hence confirm the geometric quantities such as the effective conveyance section, the intertidal storage and the hydraulic depth (e.g. Friedrichs and Aubrey, 1994; Cai et al., 2012; Savenije, 2012) .
Applicability of TA-based relationships
Although these TA-based relationships display an overall consistency, it is still worthwhile to understand their physical background and hence applicability before choosing a specific one, particularly because different assumptions were made for their derivation. For example, different schematic cross-sections were assumed and different simplifications were made in the 1D tidal flow equations for analytical solutions. In fact, the recent theory of Dronkers (2016) indicates that the TA-based relationship appears to be site-dependent, because the TA index ( 9 ) is a function of various site-specific parameters (Equation (13)). In particular, the offshore difference in duration of the flood and ebb .t
mouth FR
/ is one of the major factors affecting the behaviour of TA-based relationships.
Dronkers (2016) compared the width-type relationship R9 with data collected from 39 tidal landforms worldwide, including 18 tidal lagoons and 21 convergent estuaries (Table  AI) . The comparison is shown in Figure 9 . Noticeably, a large number of tidal lagoons and estuaries tend to distribute around the curve indicated by 'R9: 9 D 2'. According to Dronkers (2016) , many of these tidal systems are close to equilibrium state. Overall, the distribution of data points roughly indicates that tidal landforms with a larger relative intertidal storage also have a larger relative tidal amplitude. In other words, the linear width-type relationship R9 is generally in agreement with field data.
However, a number of estuaries are also found to locate far from the curves, clustering within a narrow area defined by the value of .B HW B LW /=.B HW C B LW / being smaller than 0.1. Dronkers (2016) did not include the data points of these systems (i.e. indicated by grey markers in Figure 9 ) in his original plot because some of these estuaries have a large fluvial discharge compared to tidal discharge, and hence the TA-based relationships which assume a minor river influence no longer hold. Those estuaries that distribute close to the curve 'R9: 9 =2' are found to have a small river discharge compared to tidal discharge (e.g. WS, TH, DE, RI, DY and GO). Most of these estuaries have a positive offshore tidal asymmetry with a shorter flood duration .t mouth FR > 0/, so their stability curves tend to move downward according to Equation (13), and hence the flood-dominant zone becomes larger in Figure 9 . An exception is the Humber estuary (HB), for which Dronkers found t mouth FR to be zero, hence its TA-based stability relationship should have a relatively small 9 (i.e. the relationship Another point worth discussing is the influence of the planimetric estuary convergence, which has been largely neglected in existing studies. It is found that estuary convergence does not seem to play a significant role in the TA-based relationships, as also indicated by Friedrichs (2010) . The 1D analytical solution of an exponentially convergent estuary proposed by Winterwerp and Wang (2013) can provide some insight. Following the work of Dronkers (2005) and Friedrichs (2010) , they found that the TA index for convergent systems . c / can be described by c D 2 6 6 4
where L D 2!L b = p gh is the dimensionless convergence coefficient, r D r=!h is the dimensionless friction coefficient, and B D B HW =B LW . For friction-dominated systems (e.g. shallow tidal basins), Equation (38) can be simplified to c 1 C a=h 1 a=h
The above simplified equation no longer includes the convergence term, so the effect of channel convergence on the performance of TA-based relationships is minor for shallow friction-dominated systems. One may notice that this simplified equation is consistent with Dronkers' theory and it shares a similar form to Equation (12) by assuming B HW =B LW D S HW =S LW . In fact, the derivation of these existing TA-based relationships has mostly considered the friction term as a major contributor in the momentum balance. Overall, it can be concluded that these TA-based relationships derived using prismatic channels should be equally applicable for shallow convergent systems such as tidal networks. However, owing to the spatially varying width of channels (often in an allometric relationship with depth), the width-type TA relationships may not be the best choice for convergent systems. As an alternative, the area-and volume-type relationships can be considered, whereas for non-convergent systems the width-type stability relationships are most convenient to apply, since it is relatively easy to collect the width data.
Uncertainties, limitations and further research
There are also a few uncertainties that need to be noted when applying these TA-based relationships. First, the accuracy of the measured data for comparison or validation needs careful examination. Because of the limitations and uncertainties in the measuring approaches and techniques, the data collected in large-scale estuarine systems are usually not very accurate. For example, Townend (2005) found that the percentage differences between two studies in estimates of bulk properties of nine UK estuaries range from approximately 30% to 150%.
The accuracy of data may bring uncertainties and difficulties in the interpretation of results when stability relationships are used. For example, the generality and applicability of the empirical PA relation which was originally fitted from the US observational data has been much debated (Gao and Collins, 1994; Townend, 2005; Zhou et al., 2014b) . It is also noted that there are some inconsistencies in the Dutch data between Dronkers (1998) and Dronkers (2016) . Apart from the reason that the data were measured in different years, it may also originate from different measuring approaches and techniques. In order to apply these stability relationships with more confidence, it is necessary to develop advanced data-collecting and processing methodologies to ensure sound comparisons and validations. It may be worth noting that the more detailed swath and LiDAR datasets that are now becoming available may enable improved estimates of gross properties to be derived in the future. Another uncertainty is on the dominant processes that shape the morphology of tidal basins and estuaries. Different processes besides tidal currents may also play an important role in some tidal basins and estuaries. For example, using a combination of hydrodynamic measurements and sediment deposition records, Hunt et al. (2016) demonstrated that waves can be morphologically significant by influencing tidal and suspended sediment flux asymmetry (see also, for example, Green and Coco, 2014) . Another commonly overlooked factor when formulating the TA-based relationships is the baroclinic effect, which can alter the 3D flow structure and sediment settling, and subsequently affect the morphological evolution of estuaries and tidal basins (Geyer and MacCready, 2014; Gong et al., 2014) . Therefore, the relative contribution of these factors to shaping estuarine morphology compared to barotropic tides should be evaluated before the TA-based relationships can be used.
A final comment is made on the limitations of these TA-based relationships. First, a number of assumptions were made to derive these relationships, including, for example, schematic cross-sections and simplified 1D tidal equations. Hence these relationships should not be considered universally valid and their physical indications on natural systems should be interpreted in a qualitative sense rather than a quantitative sense. For instance, the theory of Dronkers (1998) is mostly applicable to relatively short tidal basins with a symmetrical offshore tidal boundary, and the approach of Friedrichs and Aubrey (1988) and Friedrichs and Madsen (1992) is for shallow friction-dominated systems. Second, the derivation of these relationships is mainly based on the ratio between flood and ebb durations (or the ratio between peak flood and ebb velocities) from purely a hydrodynamic perspective. However, the morphological indications are sometimes not so straightforward. This is an issue that is deeply embedded in the literature and reflects the dominance of hydraulic approaches over morphological ones. For example, some UK estuaries are found to export coarse sediment due to the ebb-dominated asymmetry in peak velocities and import fine sediment due to flood-dominated asymmetry in slack water durations. Third, TA is not the only factor determining the residual sediment transport (and hence morphological change), while other factors such as river discharge and compensation flow for Stokes drift can also play a role (Guo et al., 2014) . Therefore, the TA-based relationships should be applied with care, taking into account the many influencing factors. Further research should be considered to (1) compare these TA-based relationships with more accurate field datasets and 2D numerical models, (2) relax some of the assumptions to develop more generic formulations, and (3) explore the morphodynamic basis of equilibrium to develop an approach that more appropriately defines system stability.
Conclusions
A synthesis of theories and formulations describing the relation between estuarine morphology and tidal asymmetry (TA) is provided in this study. Three different types of TA-based relationships, formulated using ratios of storage volumes, surface areas and basin widths, are discussed. These three geometric ratios are inter-converted to formulate additional stability relationships of the same metrics, so that different theories and approaches can be compared. The comparison indicates that most of these TA-based relationships tend to cluster within a narrow range, indicating the agreement among different theories. The relative intertidal storage reflected by the three types of geometric ratios (e.g. B=B 0 , S HW =S LW , V S =V C ), and the relative tidal amplitude reflected by a=h, are the two major controlling factors to determine the TA condition of a tide-dominated system.
Four published datasets are considered to compare with these different types of TA-based stability relationships. Against these data, a generally consistent indication of the TA condition is shown using different relationships, implying their inherent consistency. Depending on the data available, different relationships can be considered for practical use (e.g. estimation of a tidal system in response to short-term human interventions and long-term climate change). However, all the TA-based relationships are developed inevitably under various assumptions, and their physical significance for natural systems should be interpreted with care. This is particularly the case when analysing a variety of tidal landforms with different types of hydrodynamic, sedimentological and landscape settings.
The scatter exhibited by the various relationships is notably less significant than the scatter exhibited by the measured data. Given the expectation that most systems are responding to changes such as sea level rise and the nodal tide, suggests they are tracking some form of equilibrium, albeit with a lag . This leads to the conclusion that, while these relationships provide some information about the tidal conditions, whether this provides a robust basis for determining morphological stability remains an open question. Therefore, the use of these methods for management and conservation points to a clear need. Whether they are fit for purpose is, however, clearly questionable. There is therefore a need for research that explores the morphological basis of equilibrium, to develop and, importantly, validate an approach that more clearly identifies appropriate measures of system stability. Note: Locations indexed by 1-18 are short tidal lagoons (L is the length of the flood basin), while the rest (19-39) are estuaries (L b is the convergence length). The reader is referred to the main text for the meaning of parameters. The name of locations is indicated by two upper-case letters (shown in the Index/identifier column) which may be used in Figure 9 .
